Simple sequence repeats, due to their high variability, are widely used for molecular epidemiology of pathogenic micro-organisms. However, their usefulness is restricted by their high instability and low information content. Here, a locus, CKTNR, in the fungal pathogen Candida krusei is described which displays considerable sequence, as well as length, heterogeneity. Alleles of this locus, which contains a degenerate trinucleotide repeat, appear to be stable. The CKTNR polymorphism could serve as the basis for a molecular typing system of C. krusei. Furthermore, analysis of the CKTNR allele distribution suggested that C. krusei reproduces mainly clonally.
INTRODUCTION
Candida krusei, the probable anamorph (asexual form) of Issatchenkia orientalis (Barnett et al., 2000) , is an emerging opportunistic pathogen, which is characterized by a high level of resistance to fluconazole, and increasingly also to amphotericin B (Samaranayake & Samaranayake, 1994 ; Rex et al., 2000) . The low but increasing incidence of nosocomial C. krusei bloodstream infections, particularly in intensive care units and among neutropenic patients, together with the poor prognosis of these patients (Abbas et al., 2000) , underscore the need for molecular epidemiological tools to trace potential sources of C. krusei fungemia. The most widely used and versatile approach for the molecular epidemiology of microbial infections is DNA fingerprinting, which encompasses a variety of methods that detect variations at the DNA sequence level (Soll, 2000) . The amount of variation between isolates gives a measure of their relatedness. Importantly, implied in this type of analysis is that the organism reproduces clonally, or at least that sexual reproduction, and its associated recombination of markers, is infrequent within the studied population. The choice of finger- 
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The GenBank accession numbers for the sequences determined in this work are AF326279-AF326292. printing method will depend on the type of polymorphism that needs to be detected, which in turn depends on the purpose of the strain comparison. For the determination of the origin of a nosocomial infection, the main question is whether a set of isolates are epidemiologically related or not. For this purpose, the markers to be used should be stable within the time frame of transmission from one patient to another, and sufficiently polymorphic to allow a reasonable amount of discriminatory power (Hunter, 1991) . An additional important consideration in the clinical setting is the ease and reproducibility of the method.
One method of choice to detect genetic polymorphisms is arbitrarily primed PCR (AP-PCR), where short oligonucleotides are used to amplify random genomic fragments (Welsh & McClelland, 1990 ). This method is technically simple, and if enough primers are used alone or in combinations, the large number of bands obtained ensures that some of the genomic polymorphisms between unrelated strains will be detected with a reasonable probability. However, AP-PCR suffers from a high sensitivity to reaction conditions (CaetanoAnolles, 1993 ; Meunier & Grimont, 1993) , resulting in high centre-to-centre, and even experiment-to-experiment, variability (Becker et al., 2000 ; Taylor et al., 1999 ; Tyler et al., 1997) . An alternative approach is to use locus-specific primers for known highly polymorphic loci. Such loci generally consist of variable numbers of simple tandem repeats, or VNTRs (Taylor et al., (Strand et al., 1993) . VNTRs often consist of microsatellites, or short (1-6 nucleotide) sequence repeats, but can also consist of repeats of longer sequences, or minisatellites. One such variable minisatellite is the C. krusei repeated sequence 1 (CKRS-1), which consists of a 165 bp repeat within the rDNA locus (Carlotti et al., 1997) . One drawback of VNTRs is that because of their simple structure, alleles can be identical by mutation rather than by descent, which reduces their value for phylogenetic studies (Metzgar et al., 2001 ; Orti et al., 1997) . Furthermore, VNTRs of Candida albicans have been observed to vary over time even within a single patient, suggesting that the speed with which VNTRs evolve may be too high even for the relatively short time frame of epidemiological research (Metzgar et al., 1998) . To increase the confidence of VNTR analysis and to prevent misclassification of related strains as unrelated, multiple loci need to be assayed.
Potential VNTRs can be identified by computerized searches for simple sequence repeats. Beyond a certain repeat length, such regions have a high probability of being polymorphic . This approach, which has been successfully used, for example, with C. albicans (Field et al., 1996 ; Lunel et al., 1998) , requires knowledge of a substantial part of the genome sequence of the organism. However, for pathogens for which little sequence information exists, other methods are required to isolate highly variable regions. Here, we describe the identification by AP-PCR of a highly polymorphic locus in C. krusei. Surprisingly, sequence analysis indicated that the polymorphism occurred within a degenerate trinucleotide repeat. Haplotype analysis suggested that, unlike simple sequence repeats, the degenerate repeats in this locus are relatively stable. Since most haplotypes differ by length, this polymorphism allows the easy and rapid characterization of isolates with high discriminatory power. Furthermore, analysis of the haplotype distribution provides insight into the mode of reproduction of this yeast. Table 1 . Six reference strains were obtained from the Centraal Bureau voor Schimmelcultures, Utrecht, The Netherlands.
METHODS

Sample origin. The origin of the clinical isolates is indicated in
Molecular biology. For isolation of genomic DNA, 1 ml of overnight culture in YPD (1 % yeast extract, 2 % Bactopeptone, 2 % glucose ; all from Difco) was resuspended in 0n2 ml 1 % SDS, 2 % Triton X-100, 100 mM NaCl, 10 mM Tris, 1 mM EDTA, pH 8, and vortexed for 5 min in the presence of 0n2 ml phenol\chloroform (1 : 1) and 0n3 g glass beads (diameter 0n45 mm). The mixture was then centrifuged for 5 min at room temperature, and the aqueous supernatant was ethanol-precipitated. The DNA pellet was resuspended in 10 mM Tris, 1 mM EDTA, pH 8. PCR reactions were performed with Red-Taq polymerase and associated buffer (Sigma) in 0n2 ml reaction tubes using an Eppendorf ' Mastercycler personal ' PCR apparatus. For the AP-PCR procedure, 10 ng genomic DNA and 1 µM of each primer were used in 20 µl reactions. For cloning of PCR products, the DNA bands were purified from an agarose gel using a silica matrix (Qiagen) and ligated to the pGEM-T cloning vector (Promega). Sequencing was performed on both strands, either directly on PCR products, or on plasmid clones (in this case, three independent clones were sequenced).
AP-PCR.
Reactions were performed with nine random 10-mers, including UBC143 and UBC734 (Zeng et al., 1996) and seven others (sequences available upon request) at annealing temperatures of 40-45 mC, each yielding on average 10 bands of median size 0n5-1 kb, i.e. 5-10 kb were covered per experiment. ' Coverage ' may have been lower, as short-length polymorphisms may not have been detectable in the larger fragments. The primer that detected the CKTNR polymorphism was RAPD4 (5h-AAGAGCCCGT-3h).
Amplification of CKTNR sequence. The following primers were designed for specific amplification of the CKTNR polymorphic sequence : CKTNR5 (5h-ACAGCAGTCG-CAGGCCC-3h) and CKTNR3 (5h-GTCGGAGACATAAC-CGC-3h). All primers were produced by Sigma-Genosys, Cambridgeshire, UK. For each 20 µl reaction, 10 ng genomic DNA was used ; alternatively, a small amount of material from a pure fungal colony was directly resuspended in the PCR reaction mix. Amplification conditions were : 94 mC for 4 min, then 30 cycles of 94 mC for 30 s, 58 mC for 30 s and 72 mC for 30 s. Reaction products were separated by electrophoresis for 60 min at 200 V on 6 cm polyacrylamide gels (40 : 1, 10 %) supplemented with Spreadex polymer (Elchrom Scientific). For sequencing of individual alleles, the bands were cut out of the gel, eluted and reamplified, and the PCR products were subjected to direct sequencing using an ABI PRISM 310 automated sequencer. For the  procedure, a TETmodified CKTNR3 primer was used, and the reaction products were run on an ABI PRISM 310 machine together with the MapMarker 400 TMRA-marked size standards (BioVentures).
Statistical genetics. For the calculation of deviations from the Hardy-Weinberg equilibrium, Guo and Thompson's Markov chain approach was used, because of its appropriateness for large numbers of alleles and small sample sizes (Guo & Thompson, 1992) . It was implemented using the  software package (Raymond & Rousset, 1995) . Where alleles characterized by sequencing were considered together with alleles characterized only by length, the ambiguous alleles were grouped together. This is a conservative assumption with regard to rejection of the null hypothesis of panmixia. When the whole sample was considered, the null hypothesis could be rejected with P 0n0001. When only the sequenced subset of isolates was considered, the same result was obtained, with P l 0n0001. Finally, due to the fact that our sample contained isolates from different geographical locations, which may distort the result due to a populations admixture effect, we performed the test with only the Haifa subset of the sample ; here, the null hypothesis was still rejected with P l 0n0193.
RESULTS
In the course of investigating a cluster of four cases of C. krusei sepsis at a large regional tertiary care centre, we applied AP-PCR with a panel of 10-mers (see Methods) to estimate strain relatedness. We also assayed for the previously described CKRS-1 polymorphism with primers Arno1 and 2 (Carlotti et al., 1997) . The four clinical isolates were compared with the reference strain CBS 573. By both methods, the four isolates appeared to be unrelated to each other and to the reference strain ; however, we found the AP-PCR patterns were only partially reproducible, and depended on the amount of starting DNA, as well as on minor variations in experimental conditions (results not shown). The CKRS-1 polymorphism consists of a VNTR, and although it was shown to be stable within patients (Carlotti et al., 1997) , its stability in patient-to-patient transmission has not been characterized. To identify additional, reproducibly detectable polymorphisms, we scanned the AP-PCR data for bands of variable size. Such bands should represent sequence length polymorphisms, which could then reliably be detected with specific PCR primers. Young et al. (2000) recently identified over 1000 simple tandem repeats (mono-to tetranucleotide repeats) within the 12 Mb genome of Saccharomyces cerevisiae, i.e. approximately 1 repeat every 12 kb. A substantial proportion of these repeats may be expected to be polymorphic based on the observations of , who found that of 20 trinucleotide repeats surveyed, all were lengthpolymorphic. Assuming that the same ratios hold true for other fungi, we estimated that 50-100 kb worth of sequence should be scanned by AP-PCR to identify sequence length polymorphisms associated with simple tandem repeat variations.
To obtain these data, twelve PCR reactions were performed on four clinical isolates and one reference laboratory stock strain with nine different AP-PCR primers, alone or in combinations (see Methods). A single primer identified a variable band of about 500 bp (Fig. 1) . This fragment was cloned from three strains. Sequencing of one clone from each strain revealed a length polymorphism within a degenerate trinucleotide repeat. We designated this locus CKTNR. The sequence information was then used to design locus-specific primers CKTNR5 and CKTNR3. The CKTNR locus was isolated and subjected to sequence analysis in additional clinical isolates. Most of the clinical isolates yielded two different alleles ( Fig. 2 and Tables 1 and 3 ). This observation supports the suggestion, based on segregation of a uracil auxotrophy following UV irradiation, that C. krusei is diploid (Whelan & KwonChung, 1988) . The CKTNR primers did not react with C. albicans DNA (Fig. 2) . One or two slower-migrating bands were detectable in most lanes (indicated with an asterisk in Fig. 2 ), the exception being the homozygous reference strain. Upon extraction from the gel and reamplification, each of these bands yielded the original gel pattern again, whereas reamplification of the fastermigrating bands yielded the single amplified band only (not shown). We concluded that these slower-migrating species represent heteroduplexes of the two alleles.
The sequence data are summarized in Table 2 . Rather than consisting of a simple repeat sequence, the variable sequence consists of CAA repeats (indicated by the letter B), interspersed with CAG (' D ') and CAT (' E ') trinucleotides. Of the 26 alleles sequenced from the first 13 clinical isolates, 13 distinct haplotypes (a-m) were identified. Sequencing of another 15 isolates yielded only a single new haplotype, o, suggesting that the majority of the haplotypes in the population had been identified. Of these, only two pairs (e and f, and j and o) are of identical length but differ in sequence. Thus, the sequence size is highly informative, which enables the epidemiological monitoring of C. krusei by CKTNR length determination. Towards a partial automation of diplotype determination, sequence length determination of the CKTNR locus was performed using a fluorescently labelled primer (Fig. 3) . The next 22 isolates were characterized using this method. To differentiate between the haplotypes assigned by sequencing and those inferred from fragment length, the former are indicated in boldface in Table 1 . When only sequence length was considered, 19 distinct profiles (out of 78 possible) were detected in our sample of 50 isolates, with between one and seven isolates displaying any given profile. The numerical index of discriminatory power, D, was calculated to be 0n96 according to Hunter's equation (Hunter & Gaston, 1988) , i.e. two unrelated isolates have only a 4 % chance of showing the same profile. This calculation assumes that all the isolates in our set are unrelated, but since some of the isolates having the same profile could be epidemiologically related, the actual discriminatory power is probably even higher. For example, we found that isolates 21 and 22, which were isolated from two patients in the same department a day apart, also display the same profile with the highly discriminating CKRS-1 probe (Carlotti et al., 1997) (data not shown), and are therefore presumably related.
To obtain insights into the rate of evolution of the CKTNR polymorphism, we also characterized the CKTNR region of six C. krusei\I. orientalis reference strains, isolated as early as 1926, from different geographical locations (Table 3) . Strikingly, of the eight haplotypes observed in the reference strains, four were identical to haplotypes previously identified, two (n and p) were novel, and two differed from previously identified haplotypes by a single point mutation. Candida krusei degenerate microsatellite 
Fig. 2.
Size distribution of the CKTNR alleles. PCR amplification products obtained with C. krusei isolates 1-13 (except 8, which is identical to 9), with the C. krusei reference strain CBS 573 (lane R), or with C. albicans DNA (lane C.a.) reacted with primers CKTNR5 and CKTNR3 were separated on a 10 % polyacrylamide gel. Lane M contains the size marker (φX DNA digested with HaeIII). The bands migrating in the 300 bp range (indicated by an asterisk on the right) are heteroduplexes of the two allelic species, which presumably migrate anomalously due to the formation of cruciform structures. 
† Haplotype m contains a G to A transition 59 nucleotides downstream of the last repeat. Haplotype h* is identical to h except for an A to G point mutation in the 25th repeat. that the allele identity between the clinical isolates and the reference strains is due to evolutionary stability, rather than to homoplasy (independent convergence towards an identical allele structure).
The mode of reproduction of a micro-organism -clonal versus sexual -greatly influences its epidemiological tractability by molecular fingerprinting. When a single locus is considered, as is the case here, the predictions IP: 54.70.40.11
On: Sat, 08 Dec 2018 14:02:59 R. SHEMER and OTHERS † Refers to the alleles described in Table 2 . The allele indicated as m* lacks the G to A point mutation found in m. The allele indicated as h* is identical to h except for an A to G point mutation in the 25th repeat (see Table 2 ).
for a primarily clonal mode of reproduction are fixed heterozygosity and absence of segregation genotypes, or, more generally, deviations from the HardyWeinberg equilibrium (Tibayrenc et al., 1991) . Given the nature of our sample, deviations from the HardyWeinberg equilibrium could be most rigorously tested. In the case of panmixia (frequent exchange of alleles by random mating between all members of the population), the alleles are predicted to be at equilibrium. We found that the null hypothesis of panmixia could be rejected with a very high probability (see Methods), suggesting that C. krusei\I. orientalis reproduction is primarily clonal.
DISCUSSION
The usefulness of microsatellites derives from their high level of polymorphism, which is due to variations at the level of the repeat number. However, the instability of this type of allele, which is due to strand slippage during replication, may be so high as to lead to misclassification of related strains. Degenerate microsatellites such as that found in the CKTNR locus were shown to be considerably more stable (Rolfsmeier & Lahue, 2000) . Independent support for the stability of the CKTNR haplotypes comes from a number of observations. One is the fact that identical haplotypes were found in isolates from widely divergent locations and dates of isolation (Tables 1 and 3 ). The complex structure of the CKTNR locus makes it unlikely that these identical haplotypes represent homoplasies. A second observation is that a single nucleotide polymorphism differentiates between haplotypes e and f, making it likely that haplotype f originated from a point mutation in e. The fact that e is still extant in the population indicates that the CKTNR repeats expand and contract within time frames similar to the occurrence of point mutations. The third and most compelling observation is that a specific single nucleotide polymorphism was found associated with, and only with, haplotype m, in strains isolated from different geographical locations and at different times (Table 1) . Of note, the probable parental allele of m, m*, was recovered from a strain isolated in Finland in 1964 (Table 3 ). This again suggests that the stability of the CKTNR haplotypes is of the same order as that of single nucleotide polymorphisms. However, the possibility that some of the CKTNR haplotypes are less stable cannot be excluded. This is a distinct possibility for haplotype b, found in a single isolate, which contains 21 uninterrupted CAA repeats.
An epidemiological typing system should ideally be (1) easy to apply, (2) stable enough over time to prevent misclassification of related strains as unrelated, and (3) polymorphic enough to prevent misclassification of unrelated strains as related (Hunter, 1991 ; Soll, 2000) . The CKTNR locus conforms to these three requirements : (1) locus-specific primers allow rapid and unequivocal genotyping of any given strain, without the need to test the whole set of strains together ; (2) the CKTNR haplotypes appear to be extremely stable over time, which should prevent misclassification of related strains as being unrelated ; and (3) the considerable length polymorphism of the CKTNR locus and the occurrence of two alleles results in a high discriminatory power, i.e. a low probability that two epidemiologically unrelated strains will exhibit the same profile. For these reasons, the CKTNR locus could be used to test a suspicion that a cluster of isolates are related. If the CKTNR profiles support the suspicion of relatedness, additional assays such as AP-PCR or CKRS-1 profile determination could be used for confirmation.
We found that both original C. krusei strains and I. orientalis strains, including the I. orientalis type strain CBS 5147, react with the CKTNR PCR primers and carry many alleles identical to those found in our clinical C. krusei isolates (Table 3) . Thus, our data support the reclassification of both sets of strains as a single species (Barnett et al., 2000) . Some strains of I. orientalis have been shown to be able to sporulate, mate and exchange markers (Kurtzman & Smiley, 1976 ; Kurtzman et al., 1980) . The ability to epidemiologically track a microorganism by molecular fingerprinting presupposes a primarily clonal, rather than sexual, mode of reproduction. The question of whether C. krusei reproduces sexually has additional implications, most notably with regard to resistance to antifungals. Even if an organism exhibits the ability to reproduce sexually in the laboratory, whether it does so in nature can only be addressed by a population genetics approach (Tibayrenc et al., 1991) . The diplotype distribution is not consistent with panmixia, suggesting that the reproductive mode of C. krusei is primarily clonal. However, a low level of sexual reproduction cannot be ruled out. It actually may explain the observation that identical alleles are found in association with various different partners.
Concluding remarks
The large-scale AP-PCR methodology we used to identify the CKTNR locus may be applied to isolate additional polymorphic microsatellites, whether the sequence of the organism in question is known or not.
Computer-based searches aimed at the detection of simple microsatellites depend on extensive sequence information and may often miss degenerate microsatellites (depending on the allele that is present in the sequenced isolate : note that many of the CKTNR alleles have no more than four contiguous CAA repeats). The combination of length polymorphism, stability and ease of detection potentially provided by degenerate microsatellite loci such as CKTNR makes them useful molecular epidemiology tools.
